ABSTRACT: Hydrodynamic forces from waves and currents may have strong but different impacts on benthic diversity. In order to study the relative importance of current and wave exposure to the diversity of macrofauna associated with the kelp Laminaria hyperborea, we sampled fauna on epiphytic algae of 4 different morphological types from 27 stations in a crossed design with 3 levels of wave exposure and current speed. Fauna species number (S) was determined by morphology and amount (weight) of epiphyte and the interaction between wave exposure and current speed. Shannon-Wiener diversity H ' was determined by the epiphyte morphology and amount and degree of wave exposure. The most important factors for faunal community composition were epiphyte morphology and wave exposure, and the effect of wave exposure was different for algae of different morphology. The most diverse fauna communities were found at intermittently wave-exposed sites and on large, rough epiphytic algae. The study shows that waves and currents influence kelp fauna communities very differently. Within our study area, waves had a stronger overall effect compared to currents.
INTRODUCTION
The importance of hydrodynamic forces in structuring marine communities has been recognized for decades (e.g. Brattström & Matthews 1968) . However, because wave and current forces are difficult to quantify in a consistent manner with respect to space and time, few attempts have been made to describe how biological communities respond to increasing levels of these forces. The Norwegian coast is highly influenced by waves and currents and includes areas with a large range in both of these forces. Tidal differences are large in mid-Norway and further north, and outer coastal areas are highly exposed to waves. These 2 forces may act independently or they may interact in their influence on benthic organisms. For mobile organisms, waves and currents are physical disturbances that may increase the community diversity by stochastically removing specimens and therefore preventing superior competitors from outcompeting inferior ones (Begon et al. 1990 ). According to the intermediate disturbance hypothesis, medium levels may be expected to promote the highest diversity (Dial & Roughgarden 1998) .
The kelp Laminaria hyperborea dominates rocky sea beds along the Norwegian coastal areas with moderate to high levels of wave exposure (Kain 1967 , Bekkby et al. 2009 . A rich and abundant mobile macrofauna, dominated by crustaceans and gastropods, is associated with kelp, and the largest abundances are found in association with epiphytic algae on kelp stipes (Norderhaug et al. 2002) . Wave forces may result in a considerable loss of fauna due to physical dislodgement from the kelp (Fincham 1974 , Fenwick 1976 . Wave exposure has also been found to increase diversity of macrofauna associated with epiphytic algae in kelp forests on the Norwegian coast (Christie et al. 2003 ).
Apart from a few single-species studies (e.g. GuerraGarcia 2002) , the effects of currents on kelp macrofauna diversity have not been studied.
Hydrodynamic forces may influence benthic fauna communities indirectly by structuring their habitat, e.g. because of variation in the species composition of algae according to wave exposure level (Christie et al. 2003 , Kraufvelin et al. 2010 . Water flow in creases algal growth by transporting nutrients across algal surfaces and causes drag forces that may dislodge algae. Diversity may correlate with primary production (Miki 2009 ) and habitat size (Anderson et al. 2005) , until a species saturation is reached. The total amount of epiphytes on kelp stipes generally increases with wave exposure (Christie et al. 2003) , and T. Bekkby unpubl. data show that this is also the case with increasing current speed. Morphology and the amount of epiphytic algae are important factors for the abundance and diversity of the associated macrofauna community. Epiphytic algae morphology and surface structure provide different habitat qualities and are used by different faunal species with respect to faunal size, body form and mobility (Hacker & Steneck 1990 , Gee & Warwick 1994 , Kraufvelin et al. 2002 , Eilertsen et al. 2011 . Kelp faunal abundances depend on both the amount of the habitat algae ) and algal morphology ).
The main aim of this study was to test the relative importance of current speed and wave exposure for the diversity and composition of fauna communities associated with kelp. This was done by comparing number of species, diversity and community composition of macrofauna associated with epiphytic algae from sites with different levels of wave exposure and current speed. Recently developed models that quantify wave and current levels spatially provide the opportunity to analyse the responses of communities associated with kelp with respect to these 2 hydrodynamic forces and to the combined effects (the interaction).
MATERIALS AND METHODS

Study area and sampling design
The study was performed in the archipelago off the Møre coast (the West coast of Norway, 62°N), an area with high wave exposure and strong tidal currents and with optimal growth conditions for kelp Laminaria hyperborea (Rinde & Sjøtun 2005) . The focus of the study was the mobile macrofauna associated with epiphytic red algae on kelp stipes. While algal species composition changes with ex posure, the morphology of the host algae is most important for the associated faunal community structure. With the use of natural and artificial habi tats, Christie et al. (2007) showed that the epiphytic algae could be classified into 4 morphological classes with uniform fauna communities (bushy, leaf, rough and smooth morphology). Consequently, 3 replicate samples of epiphytic algae on kelp from these 4 different morphology classes were sampled from 3 replicate stations and from all combinations of 3 different levels of wave and current exposure (low, medium and high; Table 1 ).
A total of 311 samples (12 missing samples) were collected from 27 stations ( Fig. 1) in a crossed design. Epiphytic algae with the associated fauna were randomly sampled by SCUBA diving and were enclosed sepa-296 w1c1 w1c2 w1c3 w2c1 w2c2 w2c3 w3c1 w3c2 w3c3 , fauna species number S (no. of species), fauna abundance (no. of ind.) and fauna diversity (Shannon-Wiener index H ') from the different sampled epiphytic algae classified into morphology groups (bushy, leaf-shaped, rough and smooth algae) at different exposure levels. Exposure codes: w: wave exposure, c: current exposure; 1: low level, 2: medium level, 3: high level rately in plastic bags underwater. The fauna collected in the bags were sieved (mesh size 250 µm). We excluded meiofauna (e.g. copepods, nematodes and oligochaetes) from the study, thereby including only the macrofauna in the analysis. For each sample, the habitat amount (wet weight) of the algae was measured. In the laboratory, the animals were counted and identified to species or the lowest possible taxonomic level.
Modelled wave exposure and current level
Wave exposure (m 2 s −1
) was modeled with a spatial resolution of 10 m using data on fetch (distance to nearest shore, island or coast), wind speed and wind frequency within sectors (Isaeus 2004) . Data on wind speed and direction were delivered by the Norwegian Meteorological Institute and averaged over a 5 yr period just prior to the study period. The model has been applied to a number of research studies on kelp distribution (Bekkby et al. 2009 , Bekkby & Moy 2011 , diversity ) and secondary production within the study area. The dominating winds in the area come from the south-southwest (195−225°). To re duce the difference in order of magnitude between wave and current exposure, estimated wave exposure values were divided by 10 000 prior to statistical analysis. . The modelled wave exposure index has been shown to resemble the long-term average of significant wave height (using data from the Baltic Sea) and corresponds to waves between 0.1 and approximately 1.5 m high within the study area (Wijkmark & Isaeus 2010) .
Current speed (m s −1
) was estimated by the 3-dimensional numerical ocean model ROMS (Shchepetkin & McWilliams, 2005) in a multi-level nesting procedure. In the first level, ocean currents, atmospheric forcing (from the Norwegian Meteorological Institute, met.no) and climatological river flow rates (from the Norwegian Water Resources and Energy Directorate, NVE) drove an ocean model at a 500 m horizontal resolution. Fields from this model were used to drive a series of inner models, resulting in a model of 100 m horizontal resolution. We used mean values of the depth-averaged component of the model (averaged over the water column). Low current was between 0.01 and 0.09 m s 
Statistical and numerical analysis
To analyse the differences in macrofauna diversity (measured as number of species, S, and ShannonWiener diversity index, H '; Hill 1973) with respect to waves and currents, we used the software R version 2.15.0 (R Development Core Team 2012) and mixed generalized additive models (GAMs) in the mgcv package (Wood 2004) . Station was included as a random factor to control for potential non-independent variation between stations. The R package MuMIn (Barton 2012 ) was used for model selection and to estimate the relative importance of the different predictor variables. MuMIn calculates the chosen model selection criteria (i.e. corrected Akaike's information criterion [AIC c ] values). We used ΔAIC < 4 to identify the models that receive most support from the data (see Burnham et al. 2011) . Morphology was included as a categorical factor with 4 levels (bushy, leaf, rough and smooth), whereas epiphytic algae wet weight (habitat amount), and wave and current exposure were included as continuous predictor variables. We used cubic regression spline as the penalized smoothing basis. To avoid overfitting, the dimension of the basis used to represent the smooth term (k) was set to 3 for single predictors and to 6 for interactions. The 2-D smooth interaction between wave exposure and current was included, as well as the interaction between morphology and weight of the epiphytic algae (i.e. habitat amount). We used restricted maximum likelihood estimation of smoothing parameters according to Lin & Zhang (1999) . MuMIn calculates relative importance of the predictors as the sum of Akaike weights over all models including the explanatory variable, among the selected subset of models (i.e. models with ΔAIC < 4; Barton 2012). The check for concurvity, the nonparametric analogue of collinearity between explanatory factors (Ramsay et al. 2003) , revealed that the predictors were sufficiently uncorrelated with concurvity indices between 0.03 and 0.31 (pairwise tests of the type 'estimate' in mgcv). These measures lie well below worrying levels of dependency between covariates, and thus there is little chance of underestimated variance of fitted model parameters (Ramsay et al. 2003) or convergence failure (Wood 2008) . Regardless, these 2 issues would not be of major importance in our study since (1) we used model selection by information-theoretic methods (AIC) and not p-values for model selection, and (2) all candidate models actually converged properly.
To analyse for differences in the community composition of animals between samples, we used permutational ANOVA (PERMANOVA) (Anderson 2001) in the PRIMER 6.0 computer package. The number of individuals per algae of each fauna species was calculated and square root-transformed before used in the analyses. Wave exposure (3 levels), current speed (3 levels) and morphology (4 levels) were used as fixed factors and interactions were included. Station was included as a random variable to control for potential non-independent variation between stations and was nested in wave exposure × current speed. Epiphytic algae wet weight was used as a covariate to control for the obvious effect of epiphyte amount (see Anderson et al. 2005) .
RESULTS
Altogether, 86 956 fauna specimens were identified. In Table 1 , the species number and diversity (measured as S and H ', respectively) of fauna associated with the 4 different morphological classes of epiphytic algae are shown. Bushy algae included species in the genera Ceramium, Desmarestia, Ectocarpus, Heterosiphonia, Polysiphonia and Trillaella. Leaf-shaped algae included species in the genera Delesseria, Odontalia and Phycodrus. Rough algae included species in the genera Membranoptera, Ptilota and Rhodomela. Smooth algae included species in the genera Callophyllis, Laminaria (juvenile) and Palmaria. The highest abundances of fauna were found on leaf-shaped and rough algae.
Faunal diversity
Summary statistics of the best mixed GAMs for explaining fauna diversity (S and H ', according to AIC c values) are provided in Table 2 . The species number, S, was determined by epiphyte morpho logy, epiphyte amount (algal wet weight), the interaction between these 2 factors and the interaction between wave exposure and current speed (Table 2A) . Shannon-Wiener diversity, H ', was determined by epiphyte morphology, epiphyte amount (algal wet weight) and wave exposure level (Table 2B ). Current speed did not provide a significant contribution to the model for H '. Fig. 1 shows the partial effects of waves, currents, epiphyte weight and epiphyte morphology for the averaged models of S and H '. The effects on S from waves and currents were not linear. Rather, intermediate levels of waves were associated with the highest S, while S decreased when both waves and currents were high. S showed a greater variation in the response to waves than to currents. H ' decreased slightly with increasing wave exposure level. The highest values of S and H ' were found on algae with rough morphology. S was higher on leaf-shaped algae than bushy or smooth algae. Smooth algae housed the lowest species diversity (S and H ' were both low).
Faunal community composition
According to PERMANOVA, the fauna community differed significantly with epiphyte amount (algal wet weight), epiphyte morphology and wave exposure level (Table 3 ). There were also significant local differences between sampling stations. There were no significant community differences identified according to current speed.
DISCUSSION
The most important factors driving the observed differences in kelp fauna diversity (S and H ') were: habitat morphology, habitat amount (algal weight) and wave exposure (the interaction between wave and current exposure in the case of S). S was highest at intermediate wave exposure levels while H ' decreased slightly, but significantly, with increasing wave exposure level. Hence the most diverse kelp fauna communities with respect to S and an even distribution between species (high H ') were found at intermediate wave-exposed sites. The analysis implied that waves had a greater influence than currents on fauna diversity. The most important factors explaining differences in the community composition were (according to PERMANOVA) habitat morphology, habitat amount, wave exposure and the interaction between morphology and wave exposure. According to Denny (1985) , hydrodynamic forces acting on benthos depend on the size and form of the organism, and the significant interaction between waves and algal morphology may have been attributed to differences in the effects that waves impose on different algae as shelter to fauna. There was also some unexplained local variation between the stations. Current speed alone had no significant influence. Thus, while GAMs showed a significant increase in the S from currents at low wave exposure levels (interaction between exposure and current), the interaction was not significant in PERMANOVA. This shows that Table 2 . Summary statistics of the best mixed generalized additive model according to the corrected Akaike's information criterion value for explaining (a) the number of macrofauna species S (R 2 adj = 0.568, scale estimate = 10.504, n = 311) and (b) the Shannon-Wiener diversity index H ' (R 2 adj = 0.149, scale estimate = 0.125, n = 311) using wave exposure (wave), current speed (current), epiphytic weight/ sample size (weight) and epiphyte morphology (with 4 levels: smooth, leaflike, bushy and rough) as explanatory variables.
edf: estimated degrees of freedom while S increases with current (at low exposure), it is arbitrary and unsystematic in influencing the responses of individual species. The observed differences in the influence of wave and current forces may have been attributed to their different hydrodynamic properties. Because waves break, effects from waves may impose larger community effects than currents. If waves produce stronger hydrodynamic forces on the benthos, the disturbing effects may be larger and result in a higher impact on diversity and community structure. Waves vary considerably in space and time with respect to direction, intensity and longevity, while currents in the study area are mainly tide-induced unidirectional flows. Thus, hydrodynamic wave forces are probably less predictable than current forces and may have a larger impact on community diversity (see Poff et al. 1997) .
The humped response curve of S to wave exposure and current speed can be explained by the intermediate disturbance hypothesis (Dial & Roughgarden 1998) , which states that local species diversity is maximized when ecological disturbance is neither too rare nor too frequent. Then moderately wave-exposed areas may experience a level of disturbance where both strong and weak competitor species can coexist. Another possible factor is related to pro duction. In many systems, the relationship between primary productivity and diversity has been shown to be unimodal or hump-shaped, implying that diversity is highest at intermediate levels of productivity (Rosenzweig 1995) . Such production− diversity models are dimensionless; thus it is difficult to interpret according to our data. It is noteworthy that the primary production increases according to wave exposure level (Pedersen et al. 2012 ) and current level (T. Bekkby et al. unpubl. data) , although the main food source of the fauna is fragmented kelp, which is in excess throughout kelp forests at different exposure levels . Nevertheless, we cannot rule out the effect of production.
Habitat morphology strongly affected kelp fauna diversity and community structure. The interaction between morphology and exposure also shows that the effect from waves on the fauna de pends on the algal habitat and shows the importance of microhabitat properties for the inhabiting fauna community. Animals cling to or use the interstitial space between the fronds as habitat. Algal morphology determines the value of the algae as a habitat and differs for animals according to their size and shape (Hacker & Steneck 1990) . Suitable habitat may be a limited resource for the animals and variation in algal microstructure causes niche segregation. For ex ample, slender and slow-moving caprellids cling to threadlike (bushy) algae (Guerra-Garcia 2002), while small and fast-swimming Ischoy ro ceridae utilize any habitat (Norderhaug et al. 2002) , and gastropods crawl on smooth algal surfaces (Toth & Pavia 2002) .
In conclusion, our study shows that waves and currents are important for the diversity and composition of kelp forest fauna, but that these hydrodynamic forces may act very different on benthic communities. The largest effect on faunal diversity and composition was nevertheless, in accordance with earlier findings, habitat amount ), habitat morphology (Hacker & Steneck 1990 ) and wave exposure .
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